Objective: Knowledge remains limited regarding cerebral blood flow autoregulation after cardiac arrest and during postresuscitation hypothermia. We determined the relationship of cerebral blood flow to cerebral perfusion pressure in a swine model of pediatric hypoxic-asphyxic cardiac arrest during normothermia and hypothermia and tested novel measures of autoregulation derived from near-infrared spectroscopy.
A pproximately 16,000 American children suffer a cardiac arrest annually, and many suffer severe neurologic injuries (1). Cerebrovascular autoregulation maintains relatively constant cerebral blood flow (CBF) over a range of cerebral perfusion pressure (CPP). The impact of cardiac arrest and resuscitation on autoregulation is unclear. Evidence in adult humans (2, 3) and rats (4) indicates that cardiac arrest disrupts autoregulation and shifts the lower limit of autoregulation (LLA) to a higher blood pressure (3) . Data from an experimental pediatric model also suggest that autoregulation becomes impaired after arrest (4) . Treatment guidelines for pediatric cardiac arrest include considering induced hypothermia to 32-34°C for comatose patients (5) . To our knowledge, the effects of postresuscitation hypothermia on autoregulation have not been investigated in the immature brain.
We developed methods to continuously monitor autoregulation using near-infrared spectroscopy (NIRS): the cerebral oximetry (COx) and hemoglobin volume (HVx) indices. COx is calculated by a moving, linear correlation coefficient representing the relationship between cerebral oximetry and blood pressure, and is based on the assumption that changes in tissue oxygen saturation are proportional to changes in CBF over brief periods with stable cerebral metabolic rate. Passivity of ce-rebral oximetry to blood pressure indicates loss of autoregulation (6 -8) . HVx is a moving, linear correlation coefficient between relative total tissue hemoglobin (rTHb) and blood pressure. HVx is based on the assumption that autoregulatory vasodilation/vasoconstriction produce changes in cerebral blood volume that are proportional to changes in rTHb. Passivity of rTHb to mean arterial blood pressure (MAP) indicates loss of vasoreactivity (9) . Compared to laser-Doppler flowmetry, COx and HVx accurately identify the LLA in swine (6 -9) . The utility of COx and HVx monitoring after pediatric cardiac arrest has not been explored.
In the immature brain, the range of autoregulation is limited and appears to increase as MAP increases during development (10 -13) . In neonatal piglets, CBF is autoregulated over a MAP range of 50 to 90 mm Hg. Significant decreases in CBF have been reported at MAPs below 40 mm Hg whereas significant increases are apparent when MAP is increased to 100 -120 mm Hg (14 -16) . We examined the effects of hypoxicasphyxic cardiac arrest and moderate hypothermia on autoregulation in neonatal swine. We hypothesized that cardiac arrest disrupts autoregulation and that hypothermia preserves autoregulation. We further postulated that HVx and COx accurately reflect autoregulation after arrest.
MATERIALS AND METHODS

Subjects
All procedures were approved by the Animal Care and Use Committee at Johns Hopkins University, and care and handling of the animals were in accord with National Institutes of Health Guidelines. Neonatal male piglets (3-5 days old, 1-2.5 kg) underwent hypoxic-asphyxic cardiac arrest or sham surgery. Animals were divided into groups that were exposed to normothermia or hypothermia during recovery. Piglets were further divided into subgroups to undergo induced hypotension or hypertension. Thus, eight groups were studied (hypotensive cohorts: postarrest normothermia, postarrest hypothermia, sham normothermia, and sham hypothermia; hypertensive cohorts: postarrest normothermia, postarrest hypothermia, sham normothermia, and sham hypothermia).
Animal Preparation
Anesthesia was induced with 5% isoflurane with 50/50 nitrous oxide/oxygen. Ani-mals were intubated and mechanically ventilated. Femoral arteries and veins were cannulated, and anesthesia was maintained with fentanyl (10 g/kg ϩ 10 -20 g/kg/hr, intravenously), vecuronium (1 mg/kg/hr), 50/50 nitrous oxide/oxygen, and 1.5% isoflurane. Isoflurane was decreased to 0.8% after surgery. Piglets received D5 1 ⁄2NS at 10 mL/ hr. Three craniotomy sites were made for: 1) an extra-ventricular drain catheter for intracranial pressure (ICP) monitoring, 2) a 1-mm diameter laser-Doppler flow (LDF) probe (Moor Instruments, Devon, U.K.; model DRT4; 60 Hz), and 3) a temperature probe in the epidural space. The LDF probe was positioned in the frontoparietal cortex 5 mm from the ICP monitor and secured with rubber washers and cemented to the skull. A NIRS probe (Somanetics, Troy, MI; light-emitting diode to shallow and deep photodiode distances of 30 mm and 40 mm, respectively) was placed over the frontoparietal cortex contralateral to the craniotomy sites.
Hypoxic-Asphyxic Cardiac Arrest
The FIO 2 was decreased to 10% for 45 mins. Then, 5 mins of room air was supplied to briefly reoxygenate the heart. This brief reoxygenation period is required for successful cardiac resuscitation. The endotracheal tube was then occluded for 7 mins. Piglets were resuscitated with 100% oxygen, manual chest compressions, and epinephrine (100 g/kg, intravenously). After resuscitation, the FIO 2 was decreased to 50% to maintain oxyhemoglobin saturation Ͼ93%, and sodium bicarbonate and calcium chloride were administered for metabolic acidosis and hypocalcemia. Sham-operated piglets received the same anesthesia, surgery, and duration of anesthesia, but without arrest. They were ventilated with an FIO 2 of 50% throughout the experiment.
Temperature
After resuscitation, piglets in the normothermia groups were maintained at target rectal and brain temperatures of 38.5°C (normothermic for swine) with warming blankets and heating lamps. Piglets in the hypothermia groups first underwent 2 hrs of normothermia (designed to mimic the potential delay in initiating hypothermia in clinical practice) and then had hypothermia induced to 32°C with an external cooling blanket for the remainder of the experiment. Ice packs were placed on the head and body during the first 30 mins of hypothermia to facilitate cooling. Approximately 30 mins is required to decrease rectal temperature to 32°C, which has been found to track brain temperature within 0.2°C in this model (17) . Animals in all groups remained anesthetized and received muscle relaxants and ventilator support.
LDF-Derived Autoregulation Monitoring
At 6 hrs of return of spontaneous circulation (ROSC), blood pressure was gradually decreased or increased in the designated cohorts. To determine the LLA, we decreased MAP over a 3-hr span by inflating a 5-Fr balloon catheter in the inferior vena cava (7) . To examine the autoregulatory response to hypertension, we increased MAP over 3 hrs by inflating an aortic balloon catheter and infusing phenylephrine and dopamine. To assess CBF, cortical red blood cell flux was measured with the LDF probe. MAP, ICP, and LDF measurements were sampled from an analog-to-digital converter at 100 Hz with ICMϩ software (Cambridge University, Cambridge, UK). CPP was calculated as MAP Ϫ ICP and recorded every 10 secs. The autoregulation responses to hypo-or hypertension were examined by plotting LDF as a function of CPP. The LLA was identified by dichotomizing the data such that the fit of two linear regression lines results in the lowest combined error squared. The CPP at the intersection of these two lines was defined as the LLA (6, 7, 9) . The autoregulatory response to hypertension was evaluated by calculating the static rate of autoregulation (sROR), which is the percent change in cerebrovascular resistance divided by the percent change in CPP (%⌬ cerebrovascular resistance/%⌬CPP). An sROR Ͻ0.4 indicates impaired autoregulation, and an sROR of 1 represents perfect autoregulation (18, 19) .
NIRS-Derived Autoregulation Indices (COx, HVx)
Cerebral oximetry and rTHb were synchronously sampled from the digital output of the NIRS monitor at a refresh rate of 30/min and filtered as previously described (6, 9) . COx was calculated by a continuous moving Pearson correlation between cerebral oximetry and CPP, and HVx was similarly calculated from rTHb and MAP (6, 7, 9) . These indices display a biphasic pattern. When autoregulation is functional, COx and HVx are near zero or negative (because CBF/ cerebral blood volume and CPP are not positively correlated). When autoregulation becomes impaired with hypotension, the indices become positive, indicating pressure-passive CBF and cerebral blood volume. HVx and COx were compared to LDFderived measures of autoregulation.
Statistical Analysis
Data are presented as means Ϯ SD unless otherwise stated. Differences were consid-ered significant at p Յ .05. Statistical analyses were performed with STATA (v11.1), SigmaStat 3.1 (SYSTAT), and Microsoft Excel. For physiologic parameters not expected to be affected by temperature or arrest, oneway analysis of variance was performed on the data or ranks based on tests of normality and equal variance. Subsequent multiple comparison tests (Newman-Keuls or post hoc Dunn's) were performed as needed. Two-way analyses of variance were performed to examine the effects of arrest and temperature on LDF, LLA, and sROR followed by appropriate post hoc comparisons. Spline regression analyses were performed to evaluate biphasic models of the COx and HVx responses to hypotension. Receiver operator characteristic curves were calculated to test the sensitivity and specificity of COx and HVx in detecting CPP above or below the LDF-derived LLA. Both the spline regression and receiver operator characteristic analyses accounted for multiple intrasubject measurements. For the receiver operator characteristic curves, CPP was divided into 5-mm Hg bins and coded as a binary variable above or below the bin containing the LLA, and COx and HVx were analyzed as continuous variables (Ϫ1 to ϩ 1). Linear regression analysis was used to evaluate HVx and COx during induced hypertension. Post hoc power analyses were performed with nQuery Advisor (v7) and SAS (v9.2) for differences in LLA.
RESULTS
Eighty-four piglets underwent cardiac arrest or sham surgery. The resuscitation rate was 78% (nine of 41 could not be resuscitated). Eleven animals were excluded from the study owing to technical problems, including intracranial hemorrhage during placement of the ICP monitor and problems with the LDF signal. In the hypotensive cohort, technical problems occurred in three sham and two arrest piglets. In the hypertensive cohort, technical problems occurred in three sham and three arrest normothermic piglets. Data were analyzed on 64 piglets (32 arrests and 32 shams; n ϭ 8 per group). Post hoc power analysis using the contrast between the lowest and highest of the four LLA means (31 and 41 mm Hg) among the four hypotensive groups (normothermic and hypothermic sham, normothermic and hypothermic postarrest) indicated a power of detecting a difference at ␣ 0.05 as 74%.
LDF Analysis From Combined Hypotensive and Hypertensive Cohorts Before Blood Pressure Manipulation
Postarrest piglets had lower LDF than sham piglets during the first 2 hrs of normothermia after ROSC. Sham animals had LDF that was 97% Ϯ 8% of baseline (n ϭ 32), whereas postarrest piglets had LDF that was 85% Ϯ 20% of prearrest baseline (n ϭ 32; p Ͻ .001 between groups). The PaCO 2 values at baseline, ROSC 1 hr, and ROSC 2 hrs did not differ among sham or postarrest piglets. In postarrest piglets, the PaCO 2 was 39 Ϯ 4 mm Hg at baseline, 38 Ϯ 6 mm Hg at ROSC 1 hr, and 40 Ϯ 4 mm Hg at ROSC 2 hrs (p ϭ .195; n ϭ 32). The PaCO 2 at equivalent times in sham piglets was 40 Ϯ 7 mm Hg at baseline, 41 Ϯ 6 mm Hg at ROSC 1 hr, and 40 Ϯ 7 mm Hg at ROSC 2 hrs (p ϭ .692; n ϭ 32). Between 2 and 6 hrs of recovery, both arrest (p ϭ .006) and hypothermia (p Ͻ .001) significantly decreased LDF without an interaction effect (p ϭ .159). LDF was 94% Ϯ 12% of baseline in normothermic shams (n ϭ 16), 76% Ϯ 14% of baseline in hypothermic shams (n ϭ 16), 87% Ϯ 23% of prearrest baseline in normothermic postarrest piglets (n ϭ 16), and 57% Ϯ 21% of prearrest baseline in hypothermic postarrest piglets (n ϭ 16; Fig. 1 ).
Hypotensive Cohorts
CPP and ICP were not different among groups during the 0 -2 hrs after ROSC when all animals remained normother-mic (ROSC 0 -2 hrs), and during the subsequent 4 hrs of normothermia or hypothermia (ROSC 2-6 hrs) before induced hypotension (Table 1 ). Brain and body temperature also were not different until hypothermia was induced.
As expected, asphyxia produced severe hypoxia, hypercapnia, and acidosis ( Table 2 ). All groups showed restoration of arterial pH, PaCO 2 , and PaO 2 . Although some statistical differences were detected among groups, these differences were not considered physiologically large. PaCO 2 was somewhat higher during hypothermia when corrected for body temperature (p Ͻ .05). Sodium, potassium, chloride, and ionized calcium levels were not different among groups (data not shown), with the exception of sodium levels at ROSC 6 hrs where hypothermic shams had sodium of 146 Ϯ 5 mEq/L and normothermic shams had sodium of 139 Ϯ 2 mEq/L (p Ͻ .05).
Cerebrovascular Autoregulation During Hypotension
The LLA was similar between normothermic and hypothermic sham groups (38 Ϯ 8 mm Hg and 39 Ϯ 9 mm Hg, respectively). The LLA was lower in the hypothermic, postarrest group (31 Ϯ 6 mm Hg) in comparison to that of piglets resuscitated from arrest with normothermia (41 Ϯ 6 mm Hg) (p ϭ .012). There was no significant difference in the LLA between normothermic sham and normothermic postarrest piglets (Fig. 2 ).
HVx and COx increased as CPP was decreased, and the slope of the relationship with CPP was significantly less than zero (Table 3 ). However, in some groups, the relationship was biphasic, with the slope below the LLA significantly more negative than the slope above the LLA (Table 3 , Figs. 3 and 4 ). For HVx, these groups included normothermic sham and normothermic arrested piglets. For COx, this occurred in normothermic arrested piglets.
Based on the area under the receiver operator characteristic curves (Table 4) , HVx and COx were good predictors of whether CPP was above or below the LLA, although accuracy was slightly less in postarrest animals. For normothermic and hypothermic sham piglets, there was a 50% probability that CPP exceeded the LLA at HVx 0.22 and COx 0.41. For normothermic and hypothermic postarrest piglets, there was a 50% probability that CPP exceeded the LLA at HVx 0.21 and COx 0.42.
Hypertensive Cohorts
No differences were observed in CPP or ICP among the groups in which hypertension was induced, and brain and body temperature were similar before inducing hypothermia (Table 5 ). Small differences were observed among groups in the recovery of arterial pH and hemoglobin concentration (Table  6) . Sodium, potassium, chloride, and ionized calcium levels were not different among groups (data not shown), with the exception of sodium levels at Figure 2 . The cerebral perfusion pressure lower limit of autoregulation (LLA) was significantly lower in piglets after hypoxic-asphyxic cardiac arrest with postresuscitation hypothermia compared to sham-operated piglets and piglets resuscitated from cardiac arrest with normothermia (p ϭ .012). Data are presented as means with 95% confidence intervals. Fig. 5, A and B) . CPP was increased to a maximum of 125 Ϯ 19 mm Hg in normothermic sham piglets, 112 Ϯ 26 mm Hg in hypothermic sham piglets, 115 Ϯ 22 mm Hg in normothermic postarrest piglets, and 103 Ϯ 14 mm Hg in hypothermic postarrest piglets. Fur-ther increases were not tolerated since cardiac failure and pulmonary edema often developed. Normothermic and hypothermic shams had sROR 0.64 Ϯ 0.26 and 0.47 Ϯ 0.28, respectively. Normothermic and hypothermic postarrest piglets had sROR 0.59 Ϯ 0.28 and 0.70 Ϯ 0.23, respectively (p ϭ .466; Fig. 5C ). As CPP increased, values for HVx and COx did not increase above zero and were consistent with preserved autoregulation during postresuscitation normothermia and hypothermia (Fig. 6 ).
DISCUSSION
The hypoxia-asphyxia protocol reflects the most common etiology of pediatric cardiac arrests (20) . Furthermore, the pattern of regional brain injury in this piglet model (21, 22) corresponds to the selective vulnerability of the primary sensorimotor cortex, striatum, and thalamus seen in newborns with hypoxic-ischemic encephalopathy (23) . Here, we positioned the LDF probe over vulnerable primary sensorimotor cortex. LDF measurements permit relative changes in red blood cell flux to be tracked in the cerebral cortex to estimate changes in CBF and have been correlated with radioisotope tracer (24) and microsphere (25) measurements of regional changes in cortical CBF. A limitation of the LDF technique is that it measures red blood cell flux in a small volume of tissue (approximately 1 mm 3 ) and may be subject to variability arising from regional heterogeneity in autoregulatory behavior (26) . Nevertheless, a close correspondence has been reported between the autoregulatory range determined by LDF and autoradiographic tracer at different postnatal ages in rabbits (12) . Furthermore, we observed a close correspondence between the regional LDF measurements and the NIRS-based indices, which are derived from a much larger tissue volume. NIRS techniques have been shown to correlate with arterial spin-labeling magnetic resonance imaging (27) and computed tomography perfusion imaging measures of CBF (28) .
Given these limitations, we did not find a difference in the LDF-derived LLA between sham-operated piglets and those resuscitated from arrest with normothermic recovery. Past studies in humans (2, 3) and rats (4) demon- LLA, lower limit of autoregulation; NT, normothermic; HT, hypothermic; HVx, hemoglobin volume index; COx, cerebral oximetry index.
Slopes of the relationships of the indices vs. cerebral perfusion pressure below the LLA are shown in the left-hand columns along with significance compared to a slope of zero. Differences in the slopes of the relationships of HVx and COx with cerebral perfusion pressure below the LLA from the slopes above the LLA are shown in the right-hand columns. strated impaired autoregulation after cardiac arrest, with a shift in the LLA to a higher MAP (3) . It is likely that the degree of cerebral injury affects the extent of disruption in autoregulation. Although neuronal injury occurs in this model (21, 22) , neuronal cell death in the cerebral cortex largely evolves beyond the 6 -9-hr period when autoregulation was measured in the present study. In addition, these piglets did not have substantial intracranial hypertension, which can exert an independent effect on LLA (16) . Furthermore, the piglets are capable of regaining consciousness in the absence of anesthesia, whereas many patients will remain unconscious at 6 -9 hrs after arrest. Thus, it is possible that a more severe insult or longer recovery period would reveal a shift in the LLA. We did not extend the duration of asphyxia because the ability to resuscitate the heart becomes markedly difficult.
We identified a significant decrease in the LLA in postarrest piglets that recovered during hypothermia compared to the other three groups. This observation suggests that hypothermia may enable pressure-reactive CBF at perfusion pressures that would normally result in pressure-passivity after arrest. At normal CPP, the postarrest hypothermic group had a nearly 50% decrease in LDF from prearrest baseline. Consequently, increases in baseline cerebrovascular resistance during hypothermia may also expand the range of perfusion pressures at which cerebrovascular reactivity remains intact. The slightly elevated PaCO 2 in the hypothermic groups would act to increase LDF and to increase the LLA. Therefore, PaCO 2 does not account for the decrease in the LLA seen in the postarrest hypothermic group.
The LLA between normothermic and hypothermic shams did not differ. It is possible that our sample size was too small to detect a difference. Post hoc power analysis indicated a power of detecting a difference at ␣ 0.05 as 74%. Although the power values for these comparisons are lower than the traditional 80%, some differences in LLA are large enough to be detected with this sample size. However, smaller differences may not be detectable. Additional studies are needed to further evaluate the effects of hypothermia on the LLA.
Delayed decreases in CBF are often present in humans and adult animals after global cerebral ischemia. By pooling normothermic cohorts, a moderate decrease in LDF could be detected. Although there was a trend toward a small increase in ICP over 6 hrs of recovery, CPP was not significantly affected. Furthermore, autoregulation was intact. Thus, the lower LDF was not secondary to low CPP.
Hypothermia showed significantly reduced LDF in postarrest and sham animals despite similar CPP. This decrease is likely related to decreases in oxygen demand (29) . Furthermore, Cheng et al (30) demonstrated decreased CBF coupled with decreased metabolic rate in a piglet model of cerebral hypoxia and hypothermia. Our results indicate that this decline in CBF also occurs when the initiation of hypothermia is delayed until 2 hrs after ROSC and remains sustained throughout 6 hrs of moderate hypothermia.
The NIRS-derived autoregulation indices detected the LLA across cohorts. CPP below the LLA was detected by index values of COx 0.41 and HVx 0.22 in sham animals and COx 0.42 and HVx 0.21 in arrested animals. This was in agreement with our previous work demonstrating optimal sensitivity and specificity at a COx threshold of 0.42 in naïve piglets (8) . Our results indicate that continuous autoregulation monitoring with NIRS can identify the CPP limits at which the cerebral vasculature is most responsive to changes in CPP. This has important clinical implications and could guide clinicians in clarifying individual patient hemodynamic goals.
In unanesthetized piglets, increasing MAP to 90 mm Hg by aortic balloon inflation has been reported to result in no change in CBF, whereas increases in MAP to 100 -120 mm Hg produced in-creases in CBF that were attributed to increased prostanoid production (14) . In the present study on anesthetized piglets, we did not observe a consistent increase in LDF in the CPP range of 100 -120 mm Hg. Perhaps anesthesia reduces the release of vasodilator prostanoids during hypertension or extends the autoregulatory upper limit by effects on baseline myogenic tone. We were unable to increase CPP above 100 -120 mm Hg because heart failure occurred. To fully examine the autoregulatory response to hypertension in this model, more aggressive cardiopulmonary support, such as bypass, or a different anesthetic regimen that does not affect cardiac contractility may be needed. Furthermore, it is unclear if our results in neonatal piglets apply to older children. Juvenile animals with a greater range of cardiac function may be required to model arrest in children older than infants.
CONCLUSIONS
Hypothermia after hypoxic-asphyxic cardiac arrest decreases CBF and decreases the LLA. Continuous autoregulation monitoring with NIRS-derived indices can identify the LLA and may be useful clinically in tailoring blood pressure management in individual patients with different degrees of autoregulatory capacity in the acute recovery period from cardiac arrest with or without hypothermia. 
